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Abstract 
This paper reports on the characterization at a picosecond scale of water dynamics in gel formed during glass 
alteration by neutron scattering. The water dynamics in gel are compared with the dynamics of water confined in 
porous silica-based material (MCM41) having pore wall surfaces with Si-OH, Al-OH, or Zr-OH terminal groups and 
pore sizes around 2.3 nm in the presence of ions existing in a leachate derived from glass alteration. It is shown that 
the presence of ions does not impact the water mobility in model materials whatever the pore surface composition. In 
the gel, water is two to three times slower than in the bulk, and the fraction of fixed protons is similar to the model 
material having an Al-OH surface. Two hypotheses are proposed to explain these results: the ion concentrations in 
pores of the gel can be higher than in the leachate located outside the gel forming hydration shell around ions, thereby 
hindering the water motions, and/or the pore wall composition of the gel consisting of elements such Al that can 
immobilize water molecules. In addition to the Al effect, the presence of Ca can slow down water diffusion due to the 
binding of H2O molecules in strong complexes with Ca2+. 
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Introduction 
The leaching of borosilicate glasses leads to the formation of a hydrated and porous silica layer named gel 
and filled of leachate (ionic species coming from glass alteration). This porous material is formed by 
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hydrolysis and condensation of the silicate species and can display protective properties regarding the 
diffusion of elements coming from the glass [1]. Rate laws and kinetics models generally take into 
account the properties of the gel and some thermodynamic data arising from measurements in diluted 
media (concentration of dissolved ions, thermodynamic constant) [2][3]. However, water within the gel is 
confined in pores smaller than 5 nm. Thus, probing confined water dynamics in porous gel can provide a 
better understanding of water transport mechanisms and chemical reactivity in such confined media. To 
better understand the water behaviour in these complex materials we have used model materials. Thus, we 
have tackled the first part of our scientific approach studying the impact of pore size and pore surface 
composition on the dynamics of water confined in porous silica-based materials having various pores 
sizes from 2 to 2.7 nm and Si-OH, Al-OH and Zr-OH pore surface[4]. For time scale between 0.1 and 10 
ps, we have shown by quasi-elastic neutron scattering (QENS) that one part of water molecules has the 
same mobility as bulk water (2.9.10-9 m².s-1) and the other part fixed at the pore surface is surface 
sensitive. Indeed, Al-OH pore surfaces lead to the highest proton immobilisation creating coordination 
bonds with water molecules [4]. In this paper, we present the second part of our scientific approach using 
QENS analysis. First, we have investigated the effect of a leachate filling the model materials porosity on 
water dynamics since the presence of hydration shell around ions can hinder the water motions. Second, 
we have characterized the water dynamics in gels formed during glass alteration. The final goal is to 
relate the water dynamics in our model materials with the water dynamics in the gels formed during glass 
alteration. 
1. Materials and Methods 
Model materials, i.e. porous silica-based material (MCM41), were synthesized by hydrothermal route and 
grafted via hydrolytic surface sol-gel method in order to obtain pore wall surfaces with Si-OH, Al-OH or 
Zr-OH terminations and pore sizes around 2.3 nm (Table 1). More details on the materials elaboration and 
properties are described in [4]. These materials were filled with a leachate obtained by alteration of a 
glass having the same primary components as the inactive reference glass simulating the French R7T7 
glass(Table 2) at S/V=2000 cm-1 and 90°C in pure water during 35 days. The model materials was 
immersed in the leachate during 48 hours at 20°C and then kept in a desiccator at a relative humidity 
(RH) of 86 % at 25°C in order to maintain the solution into the porosity. The leachate was analyzed by 
ICP-AES after filtration and acidification before and after the materials filling (Table 2). 
Table 1. References and pores sizes of the materials determined by the BJH model [1]. 
Reference MCMSi-OH MCMAl-OH MCMZr-OH Alteration gel 
Mean pore diameter (nm) 2.3 2-2.4 2.1-2.5 2.7 – 3.3 
To determine the water dynamics in the gel, the same glass was altered at S/V=80 cm-1in static mode at 
90°C in pure water during 35 days. At the end of the test, the solution was analyzed by ICP-AES after 
filtration and acidification. The characteristics of the gel and its leachate are presented in Table 2. To 
analyse the water dynamics and more especially the dynamics of mobile protons, quasi-elastic neutron 
scattering experiments were carried out on the time of flight spectrometer Mibemol at the Laboratoire 
Léon Brillouin at Saclay (France). The incident wavelength of 5.2 Å determining an energy resolution of 
40 µeV and a correlation time range of 4.5 picoseconds was used. The QENS experiments were 
performed at 300 K and the signal was analysed using QENSH program provided by LLB and dedicated 
for this kind of treatment. 
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Table 2. Composition of the glass, the gel and the leachates. 
 Si B Na Ca Al O 
Glass composition (wt%) 27.2 5.6 9.3 3.7 3.3 50.9 
Leachate composition  S/V=2000 cm-1 (g.L-1) 0.228 0.813 1.330 0.013 <0.001  
Leachate composition in MCMSi-OH porosity (g.L-1) 5.3 11.7 37.2 0.45 0.01  
Leachate composition in MCMAl-OH porosity (g.L-1) 7.1 20.4 39.3 0.21 0.04  
Leachate composition in MCMZr-OH porosity (g.L-1) 5.1 14.5 37.2 0.03 0.01  
Retention factor in gel formed at S/V=80 cm-1 (wt%) 86 0 0 86 99  
Leachate S/V=80 cm-1(g.L-1) 0.144 0.205 0.344 0.020 0.002  
2. Results and discussion 
Fig. 1 (a) shows the sum over Q of the " #!#! the different model materials hydrated 
with pure water (H) [4]or filled with the leachate (L) and the altered glass. #" ""&$
!! " "  ! &# %$  $" "  !! # "& # "#!$#
!"$#* The QENS data S(Q,ω) were fitted with an equation (Appendix A)with one Lorentzian 
function characterizing only one mode of diffusion[5]. The evolution of the half width at half maximum 
Γt(Q) obtained from the fitting of QENS spectra are presented in Fig. 1 (b) as a function of Q2. The 
behaviour of confined water in all samples is rather different from the bulk water characteristic of a 
Brownian diffusion. Γt asymptotically reaches a constant value that can be described by a jump diffusion 
model and related to the fact that the solvent can be considered as a discrete medium whereas at low Q, 
the asymptotic behaviour (in Q2) is more like a diffusive dynamic. This is why Γt was fitted using the 
Singwi and Sjolander model (SS)[6]based on an exponential distribution of jump lengths (1): 
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with the reduced Planck constant, Dt translational diffusion coefficient, τt the average residence time 
between two consecutive jumps. The results are presented in Table 3. 

Fig. 1.(a) Sum over Q of QENS spectra of water, models materials hydrated with pure water (H) and filled with 
leachate (L), altered glass and vanadium obtained at 300 K and λ = 5.2 Ǻ. (b) Half width at half maximum Γt(Q) 
obtained from the fitting of QENS spectra with curve fit from  Singwi and Sjolander model[6]. 
Table 3.Translational diffusion coefficients Dt and average residence times τt obtained from the fits using the SS model. 
Reference Bulk water Models materials Alteration gel 
Dt (m².s-1) ,3*290*4-:107 ,2*790*4-:107 (1.2 ± 0.1-:107 
τ (ps) 2*490*2  2*590*2  2.590*2 
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# "" #&& and taking into account the poor statistic of the QENS data at low Q-
values, we can consider on one hand that diffusion coefficient Dt &#! , !#"-&#  !" 
#!")&#!&#$# " ! #!""#(&! # ##$
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"$!#"#"*##!)#&#!("""&&
# #! ""* )Dt " $# #! #" &! ## $&#!* " !"$#  
!# # #  #!#"   !" ## $  ! # # #!#"  #
#*#!' #!### !& "###""#")
*)####[4])# !"""&&#&#!$"
$##"#!2$"&#28.6/*
In order to determine the fraction of fixed proton, the elastic incoherent structure factor (EISF), i.e., the 
fractional intensity structural envelop of diffusion (within the time window of the experiment) of the 
elastic part, was fitted using the Volino and Dianoux model [8]and considering a fraction f of the mobile 
protons versus fixed one within a sphere of radius R (of the order of nanometer)[9]. The corresponding 
equation can then be written as: 
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Where j1(QR) is the first order spherical Bessel function. The results are presented on Fig.2. 
 
Fig. 2.' !###$!%""$#!&ater, model materials hydrated with pure 
water and filled with leachate, and altered glass#300	*%$"#(##"!"#* 
This results show that the fractions of fixed protons obtained are not really impacted by the presence of 
ions even at higher concentration than the leachate (Table 2). The fraction varies mainly as a function of 
the surface chemical nature. Indeed &#!$"form !#"&#!
!$ "##%"
&""&#"#!!+". Moreover, the fraction of fixed protons in 
the gel (altered glass) is similar to the one of the MCMAl-OH. This phenomenon could be due to the 
composition of the pore surface that consists mainly in element such Al* !" "
!"!#!"" ! " !%$"(*
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Appendix A. Models used to fit the QENS data 
We have used equation (3) describing the translational motion of water by an Dirac function modulated 
by the elastic contribution and one Lorentzian function having a half width at half maximum Γt(Q), the 
overall being convoluted by the instrumental resolution R(ω). 
 
( )
( )
( ) ( )ωωωω
ωωπ
ωωδω BackgroundR
TkQ
QIIQS
Bt
tB
El +⊗
⎭
⎬
⎫
⎩
⎨
⎧
⎟⎟⎠
⎞
⎜⎜⎝
⎛ −
⎥
⎦
⎤
⎢
⎣
⎡
−+Γ
Γ
+−= 0
0
0 exp.²)²(
)(
2
.),(
  (3)
 
 
